NiTi thin films deposited by DC magnetron sputtering of an alloy (Ni/Ti:45/55) target at different deposition rates and substrate temperatures were analyzed for their structure and mechanical properties. The crystalline structure, phase-transformation and mechanical response were characterized by X-ray diffraction (XRD), Differential Scanning Calorimetry (DSC) and Nanoindentation techniques, respectively. The films were deposited on silicon substrates maintained at temperatures in the range 300 to 500 °C and post-annealed at 600 °C for four hours to ensure film crystallinity. Films deposited at 300 °C and annealed for 600 °C have exhibited crystalline behavior with Austenite phase as the prominent phase. Deposition onto substrates held at higher deposition temperatures (400 and 500 °C) resulted in the co-existence of Austenite phase along with Martensite phase. The increase in deposition rates corresponding to increase in cathode current from 250 to 350 mA has also resulted in the appearance of Martensite phase as well as improvement in crystallinity. XRD analysis revealed that the crystalline film structure is strongly influenced by process parameters such as substrate temperature and deposition rate. DSC results indicate that the film deposited at 300 °C had its crystallization temperature at 445 °C in the first thermal cycle, which is further confirmed by stress temperature response. In the second thermal cycle the Austenite and Martensite transitions were observed at 75 and 60 °C respectively. However, the films deposited at 500 °C had the Austenite and Martensite transitions at 73 and 58 °C, respectively. Elastic modulus and hardness values increased from 93 to 145 GPa and 7.2 to 12.6 GPa, respectively, with increase in deposition rates. These results are explained on the basis of change in film composition and crystallization.
Introduction
Ni Ti thin films have been deposited by Flash evaporation, Laser ablation, Ion beam deposition, Arc plasma, Ion plating plasma spray and Sputtering techniques [1] [2] [3] [4] [5] . Each technique has its own merits in terms of realization of films with specific characteristics. Sputtering has been found to be an ideal deposition technique as it offers a variety of process parameters to enable precise control on film thickness and composition uniformity and also enables large area deposition [4] [5] [6] [7] .
As such magnetron sputtering has been preferred by many investigators to deposit NiTi films and investigate the influence of deposition parameters on film structure, transformation temperature and mechanical properties. The influence of deposition temperature on the growth of the films and phase formation after deposition as well as after annealing has been reported [4, [6] [7] [8] [9] [10] . The films deposited onto substrates maintained at ambient temperature were found to be amorphous [5] [6] [7] [8] [9] [10] . Post deposition annealing resulted in film crystallinity and sometimes precipitate formation. [4, [10] [11] . Y.Q. Fu et al [12] and Y.Q. Yang et al [13] reported the presence of Martensite as the prominent phase in the films deposited at ambient temperature and annealed at 500 °C, while others [4, [8] [9] [10] reported R-phase or Austenite phase in spite of realizing similar film composition. However N.W. Botterill et al reported the presence of both Austenite and Martensite phases in films deposited at ambient temperature and annealed at 500 °C [14] . Gong et al reported the presence of Ni 2 Ti, Ni 3 Ti 2 and Ni 4 Ti 3 precipitates along with Austenite phase in NiTi films deposited at elevated temperatures such as 500 °C and post annealed to 600 and 700 °C [12, [15] [16] [17] .
The disagreement in these results might be due to the fact that the film growth and its structure is decided by the energy imparted not just from substrate temperature but also from the various other process parameters such as deposition rate, substrate to target distance, ultimate vacuum in the deposition chamber and composition of the target. The ad-atom energy and the threshold distances of different species at the time, when they reach the substrate, and a better understanding of the variation in these values under the influence of process parameters, such as substrate temperature and deposition rate, are necessary to realize NiTi films with tailored properties for specific device applications.
Keeping this in mind, an attempt has been made in this paper to make a detailed study on the influence of substrate temperature and deposition rate on film structure, phase transformations and precipitate formation and correlate it with their mechanical behaviour.
Experimental Details
NiTi films were deposited on p-type Silicon (100) substrates (10 mm ×10 mm) by DC magnetron sputtering of NiTi (45/55 atomic percentage compositions) alloy target of 76 mm diameter and 5 mm thickness. The substrates were cleaned using a standard RCA solution followed by a diluted HF (1:50) dip for 10 minutes just before loading them into the sputtering chamber. Prior to sputter deposition, the alloy target was sputter cleaned for 15 minutes to avoid the contaminants in the initial stages of sputtering. Argon (99.999 %) gas was allowed into the chamber through an MKS mass flow controller during the sputter deposition process. The films have been deposited at different substrate temperatures in the range 300 O C to 500 O C and post annealed at 600 o C for four hours. Film thickness was measured by Dektak surface profiler and found to be 2 ȝm approximately.
The microstructure and composition of the films were studied by Field emission scanning electron microscopy (FESEM, SIRION 200, with EDAX detector). Cross-sectional SEM and Dektak surface profiler were employed to confirm the film thickness. The structural investigations were carried out by X-ray diffraction (XRD) using Bruker D8 X Ray Diffractometer (Cu-K Į radiation). Nano-indentation experiments carried out on a Nano-indenter from M/s CSM Instruments provide the variation of indentation load, P, as a function of indentation penetration depth, h. The Nano-indenter was fitted with a three-sided pyramidal Berkovich diamond indenter having an included angle of 142.3° between the opposite faces and a radius of curvature of the tip of 150 nm. Initially, the indenter was loaded at a specified rate to a pre-determined load and was held constant for 10 seconds at maximum load, followed by unloading. Indentation tests were done over a range of loads to minimize the substrate effects on the film hardness and elastic modulus measurements. The films have been further investigated for their thermal induced structural phase transformations by using METTLER-TOLEDO Differential Scanning Calorimeter (DSC). DSC measurements were carried out on films deposited at 300 O C and 500 O C substrate temperature and thermally cycled up to 550 O C with 10 O C per minute heating and cooing rate. Both the samples were thermally cycled in second thermal cycle from -50 O C to 150 O C with 3 O C per minute heating rate.
Results and Discussion

Film Structure
Figs. 1a and b demonstrate the influence of deposition and annealing temperature on the film structure. The XRD pattern is recorded for NiTi films deposited at substrate temperature of 300 °C (Fig. 1a) , 400 °C (Fig 1b) and in as-deposited condition, and vacuum annealed at 500 and 600 °C for four hours. The diffraction pattern of the asdeposited films showed a broad hump situated in the range of 37° to 47° and centered at the 42° peak position indicating the amorphous nature of NiTi films. Films deposited at 300 °C and annealed at 500 and 600 °C (Fig. 1a) showed two sharp diffraction peaks positioned at 42.5° and 61.85° indexed for (110) and (200) of Austenite phase respectively. The above diffraction peaks are in agreement with diffraction peaks reported by S. Miyazaki et al for Austenite phase [18] . The relative peak intensities of both the peaks are higher for the films annealed at 600 °C as compared to those for films annealed at 500 °C [19] . Films deposited at 400 °C and annealed at 500 °C for four hours (Fig. 1b) showed two prominent sharp Austenite Peaks (110) and (200) planes respectively; while films annealed at 600 °C demonstrated two sharp Austenite peaks representing (110) and (200) along with four weak peaks (110), (020), (111) and (021) of Martensite phase, respectively. Fernandes et al. [20] deposited Ti-rich NiTi films using an equi-atomic target on to (111) silicon substrates maintained at 400 °C and further annealed them at 550 °C. The XRD pattern showed the presence of peaks corresponding to Ni 3 Ti precipitate along with the peaks corresponding to Austenite and Martensite phases. However the data reported in this paper in Figs. 1 and 2 do not indicate the presence of precipitates. The influence of deposition rate on the structure of NiTi films was investigated by X-ray diffraction pattern recorded for films deposited at different deposition currents viz. 250, 300 and 350 mA. All the films deposited at 300 °C substrate temperature and vacuum annealed at 600 °C for four hours are shown in Fig. 2 . At lower deposition currents 250 and 300 mA, only two Austenite peaks were recorded, while at 350 mA two Austenite peaks along with one sharp Martensite diffraction peak (020) was observed. The appearance of Martensite peak in the above diffraction pattern at 300 mA current is not very distinct. However, increase in deposition rate clearly indicates rise in the relative peak intensity with improvement in preferred orientation and decrease in FWHM values of the peaks. Moreover, an increase in the deposition current from 300 to 350 mA, has resulted in the Martensite peak. It is evident from Fig. 2 that an increase in deposition rate corresponding to current to 350 mA has resulted in improvement in film crystallinity and appearance of Martensite phase. This observation clearly indicates the combined influence of the two process parameters, substrate temperature and deposition rate on the film growth mechanism.
The Martensite volume fraction is calculated from X-ray diffraction integrated intensity [4] from highest Austenite peak (110) to Martensite diffraction peak. The variation of Martensite content with deposition temperature is as shown in Table I and II. An increase in deposition temperature at the same annealing temperature and duration indicated a higher Martensite content. Lower deposition rates at 250 mA and 300 mA showed the presence of only Austenite phase where as at higher deposition rate corresponding to a current of 350 mA revealed the presence of Martensite phase. Fig. 3a demonstrates the surface micro-structure as well as the cross sectional surface micro-structure of the films deposited at 300 °C and annealed at 600 °C for four hours. The micro-structure was found to be uniform with closely packed spherical grains of approximately 30 nm in size. The cross-sectional micro-structure of these films deposited at an Argon pressure of 1.5 X 10 -3 mbar (Fig. 3b) shows that it is columnar. Similar observations were made in films deposited by Miyazaki [18] and Chu et al [21] in the films deposited at sputtering gas pressure higher than 1 X 10 -3 mbar. However, Chu et al [21] found that films deposited at lower operating pressure (5.0 X 10 -4 mbar) did not show columnar structure. The film composition as measured by EDS is Ni: 48.9± 0.2 at.%, Ti: 51.1±0.2 at.% as shown in the inset of Fig.  3b . The film composition evaluated by Energy dispersive X-ray spectroscopy (EDS) was further compared with RBS results.
Microstructure and Composition
The film composition determined by Rutherford back scattering (RBS) technique was found to be Ni: 48.8 at. % and Ti: 51.2 at. % [2, 7, 19] . The difference between composition of films and target could be attributed to the larger sputtering yield of Nickel. 
Nanoindentation Studies
The typical load-displacement curves (in Fig. 4 ) were analyzed to evaluate the elastic modulus and hardness values. The substrate effects were minimized by maintaining the indentation depth less than 10 % of film thickness. For each sample, the applied load was varied in a range of 0.2 -3.0 mN. It was found that the indentation depth for 5 mN was 250 nm; which was more than 10% of the film thickness. Hence, nano-indentation experiments were carried out at 0.2, 0.5, 1 and 3 mN loads for each sample separately.
The load-displacement curve recorded for the films deposited at 300 °C in as deposited condition and annealed at 600 °C is shown in Fig. 4 . As the displacement response observed for the films deposited at 400 °C in as deposited condition and annealed at 600 °C are similar, they have not been included. The Oliver and Pharr method [22] was used for analyzing the recorded load displacement data to evaluate hardness and elastic modulus. The elastic modulus and hardness values were calculated for various deposition temperatures such as 300, 350, 400, 450 and 500 °C at different loads of 0.2, 0.5, 1.0 and 3 mN and are shown in Figs. 5a and b. The increase in load from 0.2 to 3mN has resulted in increase in overall elastic modulus and hardness values from 85 to 145 GPa and 6.5 to 11.3 GPa respectively. The Young's modulus and hardness values decreased with increase in deposition temperature for all the loads. . This could be explained on the basis of the fraction of Austenite and Martensite phases in the films found at different temperatures and their corresponding contribution to Young's modulus. The variation of Young's modulus with the deposition temperature at different loads is also plotted in Fig. 5a . This indicates that the measurements at higher loads show larger values in Young's modulus. This could be attributed to the affect of the substrate which comes into play at larger loads. Similar behavior is seen in Fig. 5b in which hardness of the films is plotted as the function of deposition temperature. Lu et al [23] observed similar variation in Young's modulus and hardness with load in the range 6 to 11 GPa and they also limited the load below 10 mN to avoid the substrate influence. These results are in agreement with the data reported by A. Kumar et al. [24] .
The influence of deposition rates on elastic modulus and hardness were realized by depositing the films at different currents such as 250, 300 and 350 mA at the same deposition conditions as described in experimental section earlier. The modulus and hardness values calculated from load-displacement during unloading cycle at different applied loads are as shown in Figs. 6a and b. It is evident from Fig. 6a that increase in load from 0.2 to 3.0 mN has resulted in rise in modulus values in the range from 90 to 145 GPa. The increase in modulus values at higher loads / penetration depths is preferably leading towards the values of the Si substrate indicating the strong influence of the substrate on these values. All the films followed the same trend with increase in load values from 0.2 to 3.0 mN. The increase in deposition currents from 250 to 350 mA are resulted in an increase in Young's modulus values, which might be due to film densification. Similarly, the film hardness values were observed to increase from 6 to 12 GPA with increase in deposition rate as seen from Fig. 6 (b) . The dense films, especially those deposited at higher (350 mA) deposition currents, exhibit high hardness (11 to 12 GPa) and elastic modulus (133-146 GPa) values. 
Phase Transformation Studies
The as-deposited films were amorphous as determined by X-ray diffraction. DSC analysis showed that at a heating rate of 10 °C/min, an exothermic peak appeared at 445 °C which corresponds to the crystallization of the film, as shown in Fig. 7 . The above exothermic peak gets relaxed up to 550 °C. In the cooling cycle, DSC response was found to be linear up to -50 °C. Sanjabi et al prepared equi-atomic Ni 49.5 Ti 50.5 films annealed them at a heating rate of 10 °C/min. They observed crystallization temperature at 472 °C [24] . The difference in the crystallization temperature may be attributed due to the change in film composition and heating duration. Y. Q. Yang et al have reported the DSC analysis of Ni-rich NiTi amorphous films with heating rate of 5 °C/min and observed the exothermic peak at 497 °C [25] . The disagreement in crystallization temperature may be attributed due to the film composition, heating rate and process parameters discrepancy. Furthermore, the same sample was thermally cycled at a heating rate of 3 °C/min in the temperature range -50 to 150 °C throughout heating and cooling as shown in Fig. 8 . This second thermal cycle resulted in single endotherm and exotherm peaks at 75 and 60 o C in heating and cooling curves. However, no R-phase transformation has been observed in this study. Y. Fu. et al prepared NiTi films with Ti content of 51.3% and studied the M-A and A -M single phase transformation in heating and cooling cycle and found the transitions at 350 and 328 K. Moreover, they also confirmed the above phase transformation by high temperature XRD and stress temperature response studies [26] . This is in agreement with our observations. Similar observations have been made by other investigators [26] [27] [28] [29] .
Figs. 9 and 10 demonstrate the DSC response observed for NiTi films deposited at 500 °C in first and second thermal cycles. It is evident from Fig. 9 that the sample did not show any significant exothermic peak up to 550 °C in the first heating cycle; which could be endorsed as due to in-situ film crystallization. Single endothermic and exothermic peaks at 73 and 58 °C recorded in second thermal cycle are seen in Fig. 10. 
Conclusions
Ti-rich NiTi films were deposited by DC magnetron sputter deposition from an alloy target of 45/55 target composition. These films were systematically investigated for film crystallinity and phase transformation. XRD studies revealed that the crystalline film structure is strongly influenced by substrate temperature and film deposition rate. Films deposited at 300 °C and annealed for 600 °C showed crystalline behavior with Austenite phase as prominent phase while deposition at higher deposition temperatures (400 and 500 °C) resulted in the co-existence of Austenite phase along with Martensite phase. The elastic modulus and hardness values varied from 85 to 145 GPa and 6.5 to 11.3GPa for applied loads of 0.2 to 3.0 mN, respectively. Films deposited in the deposition temperature range 300 to 500 °C and various deposition rates were investigated for elastic modulus and hardness values. DSC studies indicated that films deposited at 300 °C resulted in film crystallization with exothermic peak at 445 °C, whereas films deposited at 500 °C did not reveal film crystallization peak in the first thermal cycle. Both the films showed single endotherm and exotherm peaks during heating and cooling cycle resulting in M-A phase single phase transformations at 75 and 73 °C, respectively. 
